Excised barley (Hordeum vulgare var Larker) leaves were treated with salt solutions or wilted. After the treatment period, the leaves were allowed to recover in a 50 millimolar sucrose and 1 millimolar glutamate solution, and proline, Na', and Kg were measured at intervals. Nal and K' concentrations stayed at a constant high level after the salt treatments, and proline increased to a steady state concentration in response. The relationship between the maximum rate of proline accumulation and the Na' concentration reached in each experiment was linear. The final steady state proline concentration reached was also directly proportional to the Nal concentration. For a given Na concentration in the leaves, the steady state proline level was greater when 410 millimolar NaCl was added to the leaves than when 205 millimolar NaCI was added. These results are consistent with proline acting as a compatible cytoplasmic solute, balancing an accumulation of salts outside of the cytoplasm.
results are consistent with proline acting as a compatible cytoplasmic solute, balancing an accumulation of salts outside of the cytoplasm.
In contrast to the proline levels in salt-shocked leaves, the concentrations in wilted leaves decreased to near control levels within 24 hours of relief of stress.
Free proline is known to accumulate in plant tissues in response to environmental stresses (2) . The amount of proline that is accumulated varies with the degree of stress in water-stressed plants and in plants stressed with different salts (5) .
Some ideas about how proline accumulation might help a plant to tolerate stress have been reviewed (2) . One possible role of proline, along with some other organic solutes, is that it accumulates in the cytoplasm and lowers the solute potential there, balancing a low solute potential in the vacuole due to the accumulation of salts or other solutes there (14, 20) . There is some evidence that salts, especially Na+ and Cl-, are sequestered in the vacuole (7) , and some evidence that proline is located mainly in the cytoplasm of cells in stressed tissue (8, 10, 12) .
If proline does accumulate in the cytoplasm to balance the accumulation of salts outside of the cytoplasm, proline concentrations would be expected to be directly proportional to salt concentrations in the tissue. In mature leaves of two halophytes, proline concentrations reached a constant proportion of Na+ + Cl-concentrations (16) . Proline concentrations were shown to be directly proportional to osmotic potentials, which were mostly accounted for by Na+ and K+ salts, in two other halophytes (1 1, 15) and in salt-stressed barley plants (19) . Proline concentrations also had a linear relationship with the total monovalent cation concentrations, above a threshold, in leaves of salt-stressed sorghum plants (17) . But in shoots of salt-stressed spinach, proline was reported to exponentially increase with increasing cell sap osmolality, instead of having a linear relationship (6) . ' Supported by Department of Energy Contract No. DE-AC02-82ER12028.
Previous published measurements of proline and salt concentrations have been made using tissues in which salt and proline concentrations were still changing, or at least they were not shown to be at steady state levels, These experiments were carried out in order to find the relationship between proline and Na+ concentrations using an excised leaf system which allowed proline and salt concentrations to reach steady state levels. We emphasize that these experiments represent rapid loading of salt in leaves and thus are using the term 'salt shock' to distinguish it from more gradual salt stress, as suggested by Wyn Jones and Storey (19) Samples were taken at intervals after the leaves were removed from the salt solutions.
For wilting experiments, leaves were excised and preincubated for at least 8 h in 50 mm sucrose and 1 mm glutamate before wilting. Leaves were allowed to wilt in air in a fume hood under a bank of incandescent lights. When the leaves had lost about 25% of their original fresh weight (1-2 h), they were maintained at that weight by moving them into vegetable crispers (25 x 19 x 9 cm rigid plastic boxes with snugly fitting covers), which were kept humid by water-saturated paper towels. They were incubated in the crispers, in constant laboratory lighting, until 8 h after the wilting was begun. Leaves were rehydrated in the sucrose and glutamate solution, and samples were taken at intervals during wilting and rehydration. Measurements of proline, sodium, and potassium were done following the methods of Buhl and Stewart (3). Figure 1 shows the results of an experiment in which barley leaves were allowed to take up 410 mM NaCl for 12 h before time zero. At time zero, leaves were removed from the salt solution and incubated in 50 mM sucrose and 1 mm glutamate for varying time periods. The Nae and K+ concentrations stayed fairly constant for at least 64 h. The proline level continued to increase for about 16 h, and then remained at the same level for the rest of the experiment. This experiment is a typical example of a series of similar experiments in which leaves were allowed to take up different amounts of salt, and proline accumulation was measured.
RESULTS
In all of these experiments, there was a consistent lag of about 12 h from the beginning of the salt treatments until proline (Fig. 2) . The amount of proline that accumulated was greater for a given Na+ concentration when the leaves were shocked with 410 mM NaCl compared to 205 mM NaCl.
The rate of increase in proline concentration also had a linear relationship to the Na+ concentration (Fig. 3 ). It appears that leaves shocked with 410 mm NaCl accumulated proline faster for a given Na+ concentration than those shocked with 205 mm NaCl. However, the slopes of the lines in Figure 3 are not statistically significantly different. Figure 4 shows how proline concentrations changed in excised leaves that were wilted, and then rehydrated in the sucrose and glutamate solution. After a short lag, proline levels increased in response to the stress. Unlike the respornse in salt-shocked leaves, proline concentrations in wilted leaves decreased when the stress was relieved, reaching values close to the unwilted controls within 24 h after rehydration.
Leaves for all wilting experiments were preincubated in 50 mM sucrose and 1 mm glutamate for at least 8 h, in order to be sure that the leaves contained enough soluble nitrogen and carbohydrates to supply proline accumulation. The results shown in Figure 4 are for an experiment in which leaves were allowed to incubate for 46 h after they were excised. The same response of proline levels to wilting and rehydration occurred when leaves Figure 2 , but mean Na concentrations were plotted instead of individual measurements. The maximum rate of proline accumulation was estimated from graphs like Figure 1 . The regression is significant (P < 0.01) for the 410 mM but not for the 205 mm data. The slopes of these lines are not statistically significantly different (P = 0.07).
were preincubated for at least 46 h as when they were preincubated for shorter time periods. (16) reported an increase in proline equal to about 5% of the increase in Na4 + K4 for leaves from salt-stressed sorghum plants.
To find an upper limit for how much of a contribution proline could make to osmotic adjustment, it can be assumed that the cytoplasm contains 5% of the cell's volume, proline is all accumulated in the cytoplasm, and Na4 is all sequestered into the vacuole. Under those conditions, proline alone could nearly osmotically balance the Nae. Other ions and other organic solutes are also involved, which adds to the uncertainty in trying to calculate proline's contribution to cytoplasmic osmotic adjustment. But, in these leaves, it is at least possible that proline could make an important contribution.
The threshold concentration for proline accumulation in ., sorghum was 200 smol Na4 + K4 (g fresh weight)`' (17) . K4 16 24 32 concentrations were measured in leaves in several of these ex-TIME (h) periments, and an average value of about 165 gmol (g fresh weight)`' was found. Unstressed leaves contained about 10 gmol in excised leaves. Leaves were excised, (g fresh weight)' Na+. Thus, these leaves are very near to the vse and Iml glutamate for 46 h in a threshold level, and any addition of salt caused proline to accuves were wilted to 75% oftheir original mulate. A few experiments were done using KCI instead ofNaCl hat weight until 8 h, when they were to shock the leaves. As in sorghum, the amount of proline and glutamate solution. Solid circles accumulated seemed to be related to the total monovalent cation turgd throughout. Each point shows concentration, whether Na+ or K4 salts were used for the shock 5 s . (18, 20) . An ion pump ion. in the tonoplast might become active at about the same cytoAhmad and Wyn Jones (1) and plasmic salt concentration that activates the mechanisms for ne concentrations decreased after proline accumulation. remaining high. This occurs even There was a lag of about 12 h from the time the salt shock which Na4, K, and Cl-concen-treatments were started until proline accumulation began. Using r salt stress is relieved (9) . Results this system, the threshold Na+ concentration is reached in less d using intact plants also showed than 3 h. What happens during the rest of that lag time is not ons after relief of salt stress, even known. trations stayed high. Differences
The amount of proline accumulated was shown to depend on ard to compare experiments using the amount of sodium taken up, and also on the rate of sodium using intact plants. Much longer uptake or the incubation time. The relationship of proline to salt tact plants to take up comparable concentration was different depending upon whether 410 or 205 mM NaCl was used to shock the leaves. In addition, the rate of ;periments showed some signs of proline accumulation appeared to be directly proportional to the experiment. They became partly concentration of Na+ that had been taken up (Fig. 3) . Chu Fig. 4) or to salt shock. They were accumulation increased steadily up to the highest ion concentraine accumulated in response to tions tested in our experiments, so no upper limit on the rate of proline. So the leaves were still accumulation in leaves under these conditions was found. This itration of proline by synthesizing allows proline levels to change quickly in response to an abrupt e had been excised for the time stress. Perhaps other compounds accumulate more slowly. Thus, nents. The fact that there were when stress is applied slowly, less proline accumulates but the ort proline accumulation when total accumulation of organic solutes would be predictable on hat the decline in proline upon the basis of the amount of salt in the tissue ( 19 
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instead of staying at a high level as it did in the salt-shocked excised leaves. The reversible proline accumulation that was found in wilted excised leaves could reflect some condition caused by wilting that is also reversible. Wilting would cause a reversible increase in salt concentration, due to a loss of water when the leaves wilt and a rehydration when the stress is relieved. However, the change in salt concentration caused by the loss of 25% ofthe leafs water would not be sufficient to induce the high rate of proline accumulation of about 1.5 jAmol (h -g fresh weight)-' observed in Figure 4 . This rate was not observed even with very high salt concentrations (Fig. 3) . This difference between salt shock and wilting could be explained by a reversible redistribution of salt during wilting and rehydration. Alternatively, the mechanism which induces proline accumulation could be different between salt shock and wilting.
